INTRODUCTION
Among severe asthmatics, sensitivity to fungi range from 25% to over 70% (reviewed in ref. 1 ). Among these organisms, the most common species include Alternaria, Cladosporium, Penicillium and Aspergillus.
1 Indeed, a recent review of longitudinal studies assessing increased exposure to indoor fungi before the development of asthma symptoms suggests that species of Penicillium, Aspergillus and Cladosporium pose a respiratory health risk in susceptible populations. 2 Moreover, increased exacerbation of current asthma symptoms in children and adults were associated with increased levels of Penicillium, Aspergillus, Cladosporium and Alternaria species. 2 Asthma in many of these individuals is now recognized as severe asthma with fungal sensitization, which is considered a specific asthma phenotype. 3, 4 Several studies have shown that sensitization to one or more fungal organisms correlate with hospital/intensive care unit admissions of severe asthmatics compared to asthmatics not requiring hospitalization. 5, 6 Other studies have reported that Aspergillus-sensitized asthmatics with specific IgE had lower lung function, more bronchiectasis and higher sputum neutrophil numbers, 7 whereas an additional study has shown that these asthmatics have higher steroid usage compared to asthmatics who are not sensitized. 8 Finally, simple sensitization to Aspergillus fumigatus may have dramatic effects on lung function in individuals with cystic fibrosis 9,10 and chronic obstructive pulmonary disease, 11 thus extending the importance of A. fumigatus beyond invasive infection and asthma.
We have previously reported that beta-glucan recognition via the beta-glucan receptor Dectin-1 drove immunopathogenic responses during experimental fungal asthma. 12 Specifically, mice deficient in Dectin-1 had significantly better lung function, significantly lower Muc5ac and Clca3 (Gob5) lung messenger RNA expression, significantly lower proallergic CCL17/TARC, CCL22/MDC and IL-33 lung levels and significantly lower proinflammatory interleukin (IL)-1β and CXCL1/KC levels as well as neutrophil levels. 12 Intriguingly, the entire Dectin-1-deficient phenotype was recapitulated by deficiency in a single cytokine, the IL-10 family cytokine IL-22. Moreover, neutralization of IL-22 during experimental fungal asthma improved lung function. 12 To date, many cell types, including CD4+ T cells, CD8+ T cells, γδ T cells, natural killer (NK) cells, invariant NKT (iNKT) cells, LTi cells and type three innate lymphoid cells (ILC3s) are known sources of IL-22 (reviewed in ref. 13 ). In our previous work, CD4+ T cells from Dectin-1-deficient mice demonstrated significantly lower production of T helper type 1, 2 and 17 (Th1, Th2 and Th17) cytokines, but not IL-22. 12 In fact, IL-22 was primarily produced by unfractionated lung digest cells in a Dectin-1-dependent manner, suggesting a non-CD4+ T-cell source of IL-22. In the current body of work, we found that the common γ-chain cytokine IL-7 was elevated in human asthmatics who were sensitized to fungi compared to subjects who were atopic but not fungal sensitive, with the levels of IL-7 negatively correlating to lung function. As IL-7 supports the development of many of the cell types that may produce IL-22, we sought to further define a role for IL-7 in immunopathogenesis during fungal asthma.
RESULTS EGF, IL-1RA and IL-7 levels are significantly elevated in BALF from human asthmatics who are sensitized to fungi and negatively correlate with lung function In an effort to better understand fungal asthma severity in adult asthmatics, we analyzed bronchoalveolar lavage fluid (BALF) from adult asthmatics who were atopic and sensitized to fungi vs. asthmatics who were atopic but not sensitized to fungi via a Luminex®-based multiplex protein suspension array. Fungal (+) asthmatics were 83% positive for Alternaria, 41% positive for Aspergillus and 21% positive for Cladosporium. Cladosporium sensitivity always combined with either Alternaria or Aspergillus sensitivity (i.e., not observed as a lone positive), 7% of subjects were positive for both Alternaria and Aspergillus and 17% of subjects were positive for all three fungi. Demographics and clinical characteristics for these subjects are presented in Table 1 . Fungal (+) asthmatics demonstrated lower FEV1 compared to fungal (−) (74.9 vs. 83.2%; P = 0.021) and lower Forced expiratory volume in one second (FEV1)/forced vital capacity (FVC) ratio (0.696 vs. 0.76; P = 0.002) indicative of a moderate persistent phenotype (Table 1) . Moreover, a greater maximal FEV1 reversal was observed after albuterol treatment in fungal (+) asthmatics compared to fungal (−) (25.2 vs. 8.06%; P < 0.0001), whereas a significantly lower logPC20 (PC20 = concentration of methacholine producing 20% drop in FEV1) was observed (−0.49 vs. 0.055; P = 0.032; Table 1 ). Fungal (+) asthmatics also demonstrated higher IgE, blood eosinophil and exhaled nitric oxide levels (P = 0.0043, 0.005 and 0.049, respectively; Table 1 ). There were no differences in age, asthma duration and body mass index between fungal (+) and fungal (−) asthmatics (Table 1) , nor were there differences in sex, race or ethnicity (data not shown). There were also no differences in short acting β-agonist usage (89.7 vs. 96.7%, fungal (+) vs. fungal (−), P = 0.353), long acting β-agonist usage (65.5 vs. 53.3%, P = 0.492), leukotriene receptor antagonist usage (20.7 vs. 16.7%, P = 0.95) and inhaled corticosteroid usage (79.3 vs. 53.3%, P = 0.067). There was no difference in sensitivity to cockroach or house dust mite between fungal (+) and fungal (−) asthmatics, but fungal (+) asthmatics were more sensitive to cats, ragweed and trees (data not shown). From the Luminex® analysis, we observed 12 mediators than were significantly higher in fungal (+) asthmatics compared to fungal (−) asthmatics: epidermal growth factor (EGF), transforming growth factor-α (TGF-α), CCL11, CCL15, CCL17, CX3CL1, granulocyte-macrophage  colony-stimulating factor (GM-CSF), TRAIL (tumor necrosis factor  (TNF)-related apoptosis-inducing ligand), IL-1β, IL-1RA, IL-5 and IL-7 (Table 2) . PC20, also known as the methacholine challenge test, is an essential measurement of airway hyperreactivity. 14 Table 1 demonstrated that fungal (+) asthmatics required a much lower dose of methacholine to negatively affect FEV1 (PC20), which supports the contention than fungal (+) asthmatic have more severe asthma. Therefore, we performed regression analysis to determine whether a significant association existed between the 12 mediators that were elevated in fungal (+) asthmatics and PC20 and then subsequently performed correlation analysis to determine whether the correlation was positive or negative. We found that higher levels of EGF (Fig. 1a) , IL-1RA (Fig. 1b) and IL-7 ( Fig. 1c) in fungal (+) asthmatics had a significant negative association with bronchial hyperresponsiveness to methacholine (Fig. 1d-f) . EGF is relatively well studied in asthma pathogenesis, including fungal asthma, where experimental models of Alternaria 15 and Aspergillus 16 have documented upregulation of the EGF receptor and its various ligands. The observation of high IL-1RA levels negatively correlating with PC20 is intriguing and one we are currently pursuing (Godwin and Steele, manuscript in preparation). IL-7 however was an unexpected finding based on the acknowledged challenges associated with determining IL-7 bioavailability. 17 Overall, these data reveal that elevated IL-7 levels in human asthmatics sensitized to fungi are associated with increased airway hyperesponsiveness.
IL-7 administration promotes worse lung function in the presence of increased type 2, proinflammatory and IL-22 responses during experimental fungal asthma As IL-7 levels were elevated in human asthmatics sensitized to fungi and correlated with worse lung function, we sought to determine how IL-7 contributes to asthma severity. Mice deficient in IL-7 do not develop fungal asthma as a result of significant developmental defects in many lymphocyte populations associated with asthma immunopathogenesis (data not shown). Therefore, we administered IL-7 over the course of an experimental model of fungal asthma 12 ( Fig. 2a) and assessed lung function. IL-7 administration during fungal asthma resulted in a profound increase in dynamic lung resistance compared to mice that received vehicle (phosphate-buffered saline (PBS)) over the course of experimental fungal asthma (Fig. 2b) . IL-7 administration alone in the absence of chronic A. fumigatus exposure resulted in lung resistance similar to that we have previously reported for naive mice 12 (Supplemental Fig. 1 ). As we have previously reported that experimental fungal asthma is a mix of type 2 and proinflammatory responses, 12 we determined whether these responses were affected by IL-7 administration. Indeed, we observed significant elevations in the type 2 cytokines IL-5 and IL-13 ( Fig. 2c ) (IL-4 was also significantly higher, data not shown) coupled with increases in the proallergic chemokines CCL17 and CCL22 (Fig. 2d) . Mice administered IL-7 also had significant increases in IL-1α, IL-1β and TNF-α (Fig. 2e) . In conjunction with increases in type 2 and proinflammatory cytokines, we further demonstrate that IL-7 treatment substantially increased the absolute number of CD4+ T cells and eosinophils, but not neutrophils (Fig. 2f) . As we have previously reported that IL-22 contributes to fungal asthma, 12 we questioned whether the administration of IL-7 affected the induction of IL-22. Results in Fig. 2g show that lung cells from mice administered IL-7 produced fourfold higher levels of IL-22 than those from mice receiving vehicle. IL-7 administration alone in the absence of chronic A. fumigatus exposure did not affect IL-22 induction (258 ± 121, 655 ± 28 and 1147 ± 148 pg/ml of IL-22 for IL-7 alone, chronic A. fumigatus and chronic A. fumigatus+IL-7, respectively). Thus, IL-7 IL-22 cell sources during experimental fungal asthma As mice treated with IL-7 had a dramatic increase in IL-22 production, and the receptor for IL-7 (CD127) is expressed on many of the cell types that produce IL-22, 68 we sought to determine the lung cell sources of IL-22. IL-22
Cre R26R eYFP mice were generated and subjected to experimental fungal asthma alongside control (PBS) treated animals ( Fig. 3a) and analyzed for enhanced yellow fluorescent protein (eYFP) expression. The results in Fig. 3a show lung digest cells from experimental fungal asthma mice have significantly more eYFP+ (IL-22+) cells compared to control mice (4932 ± 403 in control vs. 12,460 ± 897 in fungal asthma). After extensive analysis, we were able to exclude CD11b +, CD11c+, NK1.1+, and CD8+ cells as significant sources of IL-22 in fungal asthma (Supplemental Fig. 2a ). However, we identified the following cell types as IL-22 producers: γδ T cells (represented as γδ TCR+), CD4 T cells (represented as CD4+), iNKT cells (represented as PBS57-loaded CD1d tetramer+), and a fourth population that was negative for all markers shown (Fig. 3a) . Upon further analyses, we determined that this fourth eYFP+/IL-22+ population is ILC3s (Supplemental Fig. 2B ). This population was found to be Lin-CD45+Thy1+eYFP+ (lineage gate includes: CD11b, CD11c, CD3, CD4, CD8a, CD19, Gr1, FcεR1, KLRG1, γδ TCR and NKp46). While we observed all of these populations (γδ T cells, iNKT cells, CD4 T cells and ILC3s) expressing eYFP (IL-22) in both control (Fig. 3a , top panels) and fungal asthma (Fig. 3a , bottom panels), it is interesting to note the shift in cell population distribution upon exposure to fungal asthma. After fungal exposure, there was significant expansion of IL-22-producing CD4 T cells (440 ± 63 control vs. 1440 ± 275 fungal asthma, P = 0.0239) and iNKTs (96 ± 22 control vs. 3027 ± 750 FA, P = 0.0175) (Fig. 3a) . However, no expansion of γδ T cells (2879 ± 663 control vs. 3981 ± 1229 FA, P = 0.2068) or ILC3s (1516 ± 762 control vs. 3013 ± 576 FA, P = 0.1920) was observed (Fig. 3a) . Intriguingly, we observed that IL-7 administration over the development of fungal asthma in normal BL/6 mice led to significant increases in the total iNKT cell population (12,662 ± 2974 vehicle vs. 29,542 ± 6665 + rIL-7, P = 0.0360); however, again no changes were noted in the total γδ T-cell population (59,104 ± 13,622 vehicle vs. 44,911 ± 11,028 + rIL-7, P = 0.4235) (Fig. 3c ). These data indicate that CD4 T cells and iNKTs may be the major cell source of IL-22 effected by a lung environment high in IL-7. We confirmed this by administering IL-7 to the IL-22
Cre R26R eYFP reporter mice (Fig. 3b) . In mice treated with recombinant IL-7, eYFP+/IL-22+ iNKTs were increased approximately threefold (5878 ± 1719 vehicle vs. 18,983 ± 3932 + rIL-7, P = 0.0432). However, rIL-7-treated mice did not show a significant increases in eYFP+/IL-2+ CD4 T cells (203 ± 17 vehicle vs. 2128 ± 711 + rIL-7, P = 0.0709), γδ T cells (8318 ± 2355 vehicle vs. 9103 ± 1242 + rIL-7, P = 0.7611) or ILC3s (6205 ± 2630 vehicle vs. 9271 ± 3828 + rIL-7, P = 0.6343) (Fig. 3b) . Thus, while multiple cell sources of IL-22 exist in the lung, exposure to A. fumigatus reshapes these populations and specifically expands the pool of IL-22-producing CD4 T cells and iNKTs. Furthermore, a lung environment high in IL-7 leads to an even greater expansion of IL-22-producing CD4 T cells and iNKTs, but not γδ T cells or ILC3s during fungal asthma.
The immunopathogenic effects of IL-7 during experimental fungal asthma require both type 2 and IL-22 responses We have reported that the immune response generated during experimental fungal asthma does not favor a single T helper or innate response but rather results in broad induction of type 1/ Th1, type 2/Th2, Th17, IL-22 and proinflammatory responses. 12 As some of these responses were augmented by IL-7 treatment, we questioned whether IL-7-driven immunopathogenesis was primarily dependent on one response vs. another (i.e., type 2 vs. IL-22). Studies have previously shown that blocking ST2, the receptor for the pro-type 2 cytokine IL-33, ameliorated many pathological features of fungal asthma. 18 To this end, we treated Il1rl1-/-mice (IL-33R/ST2, lack type 2 responses) or Il22-/-mice (lack IL-22 responses) with IL-7 as above and determined whether asthma severity, as measured by proallergic CCL17 and CCL22 levels, was modulated. CCL17 and CCL22 are considered diagnostic and potentially prognostic markers during allergic bronchopulmonary aspergillosis. 19, 20 Moreover, a previous report has shown that mice deficient in CCR4, the receptor for CCL17 and CCL22, had reduced airway hyperresponsiveness during fungal asthma, 21 whereas we have previously reported that CCL17 and CCL22 levels served as markers of fungal asthma severity. 12 Results show that compared to wild-type (WT) mice, CCL17 (Fig. 4a ) and CCL22 ( Fig. 4b) were both significantly reduced in Il1rl1-/-mice and Il22-/-mice as expected.
12,18 Surprisingly however, IL-7 administration to funguschallenged Il1rl1-/-mice did not result in attenuated production of either CCL17 (Fig. 4a) or CCL22 (Fig. 4b ) when compared to fungus-challenged Il1rl1-/-mice that were administered vehicle, suggesting that IL-7-mediated immunopathogenesis was intact in the absence of type 2 responses. Likewise, IL-7-associated increases in CCL17 (Fig. 4a ) and CCL22 (Fig. 4b) were not affected by the absence of IL-22. As type 2 responses or IL-22 responses alone are sufficient to drive immunopathogenesis in fungal The common γ-chain cytokine IL-7 promotes immunopathogenesis... KM Reeder et al.
asthma, these results suggest that IL-7-mediated immunopathogenesis requires simultaneously induction of both type 2/Th2 and IL-22 responses.
In vivo blockade of the IL-7 receptor CD127 improves some aspects of experimental fungal asthma severity Common γ-chain cytokines are unique in that neutralizing antibodies are ineffective and actually enhance cytokine activity via immune complex formation. 22 In fact, we confirmed that neutralizing IL-7 resulted in more severe fungal asthma (data not shown). Therefore, to determine whether targeting IL-7 signaling could affect fungal asthma severity, we employed in vivo blockade of the IL-7 receptor, CD127 (Fig. 5a ). The results in Fig. 5 demonstrate that blocking IL-7 signaling in vivo during fungal asthma resulted in a trend towards lower CCL17 (Fig. 5b) , but a significant reduction in CCL22 (Fig. 5c ) levels. Interesting, blocking IL-7 signaling also negatively affected IL-22 production (Fig. 5d) , which correlated with a significant decrease in overall BAL cellularity ( Fig. 5e ) and, specifically, decreases in CD4 T cells, iNKT cells and eosinophils (Fig. 5f ). However, to our surprise, blocking the IL-7 receptor in vivo increased dynamic lung resistance (Fig. 5g) . Thus, in vivo blockade of CD127 ameliorated some components of type 2 and IL-22 responses during fungal asthma.
DISCUSSION
The results from the Severe Asthma Research Program (SARP) have led to the most comprehensively characterized cohort of individuals with severe asthma ever assembled. SARP has identified five unique clinical clusters of asthma severity, ranging from mild allergic asthma (cluster 1) to severe fixed airflow asthma (cluster 5). 23 A major finding was that a component of each cluster was a high level of atopy, specifically clusters 1, 2 and 4 have a higher degree of atopy/allergy (~80%), whereas clusters 3 and 5 were less atopic (albeit this was still~65%). Individuals with allergic asthma often have fluctuations in lung function after exposure to an allergen in which they are sensitized. 24 Indeed, the highest number of exacerbations per year (at nearly 5) is thought to be in asthmatics categorized as "early onset allergic asthmatics". 24 With respect to environmental allergens, fungi, cockroach allergens and house dust mites are considered the most ubiquitous. Regarding specific fungi, the presence of Penicillium, Aspergillus and Cladosporium prior to the development of asthma symptoms were found to be associated with increased risk of respiratory complications, whereas Alternaria was associated with an increased risk of exacerbation of current asthma. 2 Likewise, meta-analysis of studies conducted in the United States on the relationship between dampness and mold/fungi in homes and respiratory health effects revealed a 35-75% increase in reporting respiratory or asthma-related health outcomes. 25 Finally, data collected in Europe from eight birth cohorts consisting of >31,000 children found that exposure to fungi and/or dampness during the first 2 years of life was associated with increased risk of the development of asthma. 26 We initiated our analysis by examining asthmatics enrolled in SARP who were or were not skin test reactive to Alternaria, Aspergillus or Cladosporium. Collectively, these data showed that asthmatics who are sensitive to fungi demonstrate more obstruction, enhanced responsiveness to bronchodilators and methacholine sensitivity and evidence for increased atopy. As these observations in the fungal (+) cohort may be reflected by differences in immune responsiveness and correlate with immune/inflammatory environments, distinct BAL cytokine profiles may exist. Indeed, previous studies analyzing samples from asthma cohorts have employed bronchoalveolar lavage cytokine phenotyping in an effort to better identify asthma subtypes. 27, 28 These comparisons are usually made between non-severe and severe asthmatics, often stratified by lung function measurements or between controlled and uncontrolled asthma. 29 Although atopic status is often acknowledged, it is usually not a specific focus. From our Luminex analysis, we identified 12 mediators that were elevated in fungal (+) asthmatics. Of these, EGF, IL-1RA and IL-7 demonstrated a significant, negative correlation with the lung function measurement PC20/methacholine challenge test, a wellestablished method of assessing a key feature of asthma, i.e., airway hyperresponsiveness. 30 From these, IL-7 was the most unexpected mediator. While the difference in IL-7 between fungal (+) and fungal (−) asthmatics is small, this was nevertheless an intriguing finding. IL-7 is difficult to detect in many disease systems, as there are many different cell types that express the IL-7 receptor (all T and B lymphocytes, NKTs, gd T cells, ILCs, dendritic cells etc.), and thus the cytokine is constantly depleted. In fact, a recent paper in Immunity examined this in detail and documented cell types that acted as "IL-7 sinks". 17 Therefore, to find any difference in IL-7 was interesting. Very little is known Fig. 2 IL-7 administration promotes worse lung function in the presence of increased type 2, proinflammatory and IL-22 responses during experimental fungal asthma. a C57BL/6 mice were subjected to experimental fungal asthma, and on days 7, 9, 11 and 14 intratracheally administered recombinant mouse IL-7 or vehicle. b At 24 h after the last organism challenge, dynamic lung resistance was analyzed via mechanical ventilation using the flexiVent system. The Figure illustrates cumulative data from two independent studies. Data expressed as mean ± SEM. c, d, e At 24 h after the last organism challenge, the right lungs were collected, enzymatically digested and unfractionated lung cells cultured for 24 h in the presence of A. fumigatus conidia or the right lungs were collected, homogenized and clarified by centrifugation. c IL-5 and IL-13 levels in lung digest cell culture supernatants, d CCL17 and CCL22 levels in lung homogenates and (e) IL-1α, IL-1β and TNF-α levels in lung digest cell culture supernatants were quantified by ELISA or Bio-Plex. The Figures illustrates cumulative data from two to three independent studies. f At 24 h after the last organism challenge, lung cells were isolated by bronchoalveolar lavage, enumerated, Fc-blocked and stained with a live/dead staining kit followed by staining with fluorochrome-conjugated antibodies corresponding to the various cell populations. The Figure illustrates cumulative data from two to three independent studies. g At 24 h after the last organism challenge, the right lungs were collected, enzymatically digested and unfractionated lung cells cultured for 24 h in the presence of A. fumigatus conidia. IL-22 levels were quantified in clarified co-culture supernatants by ELISA. The Figure illustrates cumulative data from two to three independent studies. For all graphs, *, ** and ***, represent P values of <0.05, <0.01 and < 0.001, respectively; n = 4-6 mice/group for each study; each data point/dot represents a single mouse and the line in each group corresponds to the mean (b-f)
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regarding IL-7 and human asthma. Gene linkage studies on chromosome 5p13 have previously identified four genes associated with asthma in different populations, one of which was IL-7R. 31 Another study in humans has shown that segmental allergen challenge with cat allergen, ragweed or house dust mite elicited IL-7, which correlated with eosinophil numbers in BAL fluid as well as eosinophil activation. 32 Likewise, comparing IL-7 levels in BAL fluid from healthy controls vs. asthmatics observed increased IL-7 in the latter. 29 Differences between our study and these include IL-7 detection methods (enzyme-linked immunosorbent assay Cre R26R eYFP reporter mice were subjected to experimental fungal asthma and administered IL-7 or vehicle. At 24 h after the last organism challenge, the right lungs were collected, enzymatically digested and unfractionated lung cells cultured for 4 h in the presence IL-1β. Lung cells were Fc-blocked, stained with a live/dead staining kit followed by staining with fluorochrome-conjugated antibodies corresponding to γδ T cells, iNKT cells, CD4 T cells and ILC3s. Results show the absolute numbers of eYFP+/IL-22+γδ T cells, iNKT cells, CD4 T cells and ILC3s. The Figure illustrates concatenated flow plots from a representative experimental. c C57BL/6 mice were subjected to experimental fungal asthma and administered IL-7 as in (b). At 24 h after the last organism challenge, the right lungs were collected, enzymatically digested and unfractionated lung cells enumerated, Fc-blocked, stained with a live/dead staining kit and stained with fluorochrome-conjugated antibodies corresponding antibodies corresponding to iNKT cells and γδ T cells. The Figure illustrates cumulative data from two to three independent studies. Data are expressed as total number of iNKT cells and γδ T cells. *P value of <0.05; n = 4-6 mice/ group for each study; each data point/dot represents a single mouse and the line in each group corresponds to the mean The common γ-chain cytokine IL-7 promotes immunopathogenesis... KM Reeder et al.
(ELISA), different Luminex kits), BAL volume and fluid processing and normalization.
Replicating the elevated levels observed in human fungal (+) asthmatics, our data demonstrated that IL-7 administration during experimental fungal asthma dramatically worsened lung function, increased proallergic, type 2 and proinflammatory responses and augmented the recruitment of both CD4 T cells and eosinophils. Although the dose of IL-7 employed in our studies was based on published studies, 33, 34 we recognize that this dose (and those in other published studies) may be at "super-physiologic" levels, and thus is a caveat in our study. In line with our observations, mice deficient in IL-7R acutely 15 or chronically 35 exposed to an extract from asthma-associated fungus Alternaria have reduced eosinophils in the lung. A caveat here is that multiple T lymphocyte and innate-like lymphocyte populations are developmentally compromised in the absence of IL-7 signaling, and therefore development of allergic responses would be expected to be hampered. Indeed, we have examined our experimental fungal asthma model in Il7-/-mice and observed significantly reduced proallergic and inflammatory mediator levels (data not shown). An additional response that was significantly affected by elevating the levels of IL-7 was IL-22. We have previously published that mice deficient in IL-22 have less severe fungal asthma and that neutralizing IL-22 in normal mice improved lung function.
12 IL-7-mediated IL-22 production provided us the opportunity to identify cells that contribute to immunopathogenesis during fungal asthma putatively via IL-22 production. To this end, employing IL-22 reporter mice resulted in the identification of iNKT cells, CD4 T cells, γδ T cells and ILC3s as lung cell sources of IL-22 during experimental fungal asthma. Studies have shown that γδ T-cell homeostasis requires IL-7 36 as do certain iNKT cell populations. 37 In fact, a recent study reported that IL-17+RORγt+iNKT cells in the spleen depend exclusively on IL-7 for homeostasis and survival. 38 In turn, IL-7-treated IL-22 reporter mice demonstrated a significant increase in IL-22-producing iNKT cells, while the levels of IL-22-producing γδ T cells remained relatively unchanged. Likewise, normal mice treated with IL-7 demonstrated expansion in the total iNKT cell population but not the total γδ T-cell population. The presence of and a role for iNKT cells in human asthma is controversial, with studies arguing that iNKT cells are 39, 40 and are not 41, 42 elevated. These studies however are difficult to compare as staining procedures, investigations of different iNKT cell subsets (CD4+, CD8+ etc.) and specimen source (sputum, lung lavage fluid, peripheral blood) are common variables. Nevertheless, higher Vα24+ and 6B11+ iNKT cells have been observed in sputum from asthmatics with high eosinophil counts 43 as well as in pediatric asthmatics during asthma exacerbation. 44 Moreover, numerous experimental studies indicate an immunopathogenic role for iNKT cells, 45, 46 including a recent study showing that a fungal glycosphingolipid contributes to airway hyperreactivity via iNKT cell activation and type 2 cytokine production. 47 Although we observed iNKT cells producing IL-22 during fungal asthma, they may also act as a source of type 2 cytokines as well. In fact, we have observed iNKT cells producing IL-4 during experimental fungal asthma using the 4get IL-4 reporter mice 48 (data not shown). As IL-7 increased type 2 as well as IL-22 responses and also increased iNKT cell numbers, we questioned whether IL-7-mediated immunopathogenesis required one response over the other. Employing CCL17 and CCL22 as biomarkers of severity, we found that IL-7 administration generally resulted in an increase in these mediators even in the absence of the IL-33 signaling or IL-22 signaling. Although some reports suggest that IL-33 may not be involved in the generation of type 2 responses during allergic responses, 49, 50 other reports (including in fungal asthma) suggest a required role for IL-33 in type 2 responses. [51] [52] [53] Collectively, these data suggest that IL-7 requires both type 2 and IL-22 responses, in that the absence of one response is not sufficient to eliminate the immunopathogenic effects of IL-7.
Like most common γ-chain cytokines, IL-7 is broadly considered to be essential for lymphocyte development and this cytokine family is becoming newly appreciated for activities on innate lymphoid cell populations. 54, 55 To this end, increases in common γ-chain cytokines may result in increased or sustained innate lymphoid cell survival and/or activation leading to immunopathogenic responses during allergic asthma. Therefore, can common γ-chain cytokines, specifically IL-7, be a therapeutic target? A previous clinical study evaluating daclizumab, a humanized IgG1 monoclonal antibody against the IL-2R alpha chain (CD25), was reported to improve FEV1, reduce daytime asthma symptoms and prolong time to exacerbation. 56 To this end, we found that blocking the IL-7R alpha chain resulted in lower proallergic chemokine levels as well as lower IL-22 production. Although TSLP also utilizes the IL-7R alpha chain, 57 we feel our observations were not a result of impacting TSLP signaling, as we have previously reported that TSLP is not induced in our experimental fungal asthma model. 12 To our surprise however, blocking the IL-7R alpha receptor during experimental fungal asthma resulted in a small but significant increase in dynamic lung resistance, indicating that this treatment essentially worsened lung function. Although this finding is opposite to our hypothesis, it is nonetheless a compelling observation. Previous studies blocking IL-7R alpha receptor in vivo in an autoimmune type 1 diabetes model Fig. 4 The immunopathogenic effects of IL-7 during experimental fungal asthma require both type 2 and IL-22 responses. a, b C57BL/ 6, Il1rl1-/-and Il22-/-mice were subjected to experimental fungal asthma and administered IL-7 as in Fig. 2 . At 24 h after the last organism challenge, the right lungs were collected, homogenized and (a) CCL17 and (b) CCL22 levels were quantified in clarified lung homogenates by ELISA. The Figures illustrates cumulative data from four independent studies. For all graphs, *, ** and *** represent P values of <0.05, <0.01 and <0.001, respectively; n = 4-6 mice/group for each study; each data point/dot represents a single mouse and the line in each group corresponds to the mean
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demonstrated attenuated Th17 generation, but no effect on disease severity. 58 In contrast, other studies have demonstrated the opposite effect of IL-7R blockade in experimental diabetes, showing increased PD-1 expression on effector/memory T cells (that rendered them less immunopathogenic) 59 as well as increasing the numbers of Tregs 60 as putative mechanisms of decreased disease severity. However, other studies suggest that IL-7 is required for maintaining memory Tregs in the skin 61 as well as memory T cells. 62 Likewise, another study demonstrated that blocking IL-7 receptor in vivo may reduce Tregs in the spleens of young, but not old, mice. 63 As these mechanisms may or may not explain worse lung function in anti-CD127-treated mice during fungal asthma, a goal in future studies will be to determine what proallergic and inflammatory responses are modulated by anti-CD127 treatment during fungal asthma.
In conclusion, fungal sensitivity in human asthma is associated with more severe disease. A correlate of severity is elevated levels of the common γ-chain cytokine IL-7, which experimentally promotes increased CD4 T cell, iNKT cell and eosinophil accumulation in the lung leading to heightened type 2 and IL-22 responses, both of which are required for the full effects of IL-7-mediated fungal asthma severity. Therapeutic blockade of IL-7 signaling in vivo improved some immunologic aspects of experimental fungal asthma severity, but slightly worsened physiologic aspects. Our studies identify the common γ-chain cytokine family as potential new targets in allergic asthma.
Fig. 5
In vivo blockade of the IL-7 receptor CD127 improves some aspects of experimental fungal asthma severity. a C57BL/6 mice were subjected to experimental fungal asthma and on days 7, 9, 11 and 14, mice received rat anti-mouse IL-7Rα/CD127 or rat IgG2a isotype control intraperitoneally. b, c At 24 h after the last organism challenge (b) CCL17 and (c) CCL22 levels were quantified in clarified lung homogenates by ELISA. The Figures illustrates cumulative data from three independent studies. d At 24 h after the last organism challenge, the lungs were lavaged and unfractionated lung lavage cells cultured for 24 h in the presence of A. fumigatus conidia. IL-22 levels were quantified in clarified co-culture supernatants by ELISA. The Figure illustrates cumulative data from two independent studies. e, f At 24 h after the last organism challenge, lung cells were isolated by bronchoalveolar lavage, enumerated, Fc-blocked and stained with a live/dead staining kit followed by staining with fluorochrome-conjugated antibodies corresponding to (e) total BAL cells and (f) CD4 T cells, γδ T cells, iNKT cells and eosinophils. (g) At 24 h after the last organism challenge, dynamic lung resistance was analyzed via mechanical ventilation using the flexiVent system. The Figure illustrates cumulative data from two independent studies. Data are expressed as mean ± SEM. For all graphs, *, ** and *** represent P values of <0.05, <0.01 and <0.001, respectively; n = 4-6 mice/group for each study; each data point/dot represents a single mouse and the line in each group corresponds to the mean
MATERIALS AND METHODS

Subjects
Patients with mild to severe asthma were comprehensively characterized according to the NHLBI (National Heart, Lung, and Blood Institute) SARP phenotype protocol at Wake Forest School of Medicine as previously described. 64 Briefly, non-smoking subjects (<5 pack years) who met American Thoracic Society (ATS) criteria for the diagnosis of asthma (enriched for severe asthma) provided informed consent (Wake Forest Institutional Review Board approved protocol #IRB00021507). Evaluation included spirometry, bronchodilator reversibility and bronchial responsiveness to methacholine (BHR), total serum IgE level, exhaled NO measurement, bronchoalveolar lavage and administration of questionnaires that characterized asthma symptoms, quality of life, medications and healthcare utilization. 64 Fungal sensitivity was identified via skin prick test. Subjects withheld over-the-counter and first-or second-generation antihistamines, H2 antagonists and antidepressants for 3 days prior to skin tests. Those taking beta-2 blockers for comorbidities did not undergo skin prick tests. Tests to 12 allergens (eastern tree Mix, Aspergillus mix, southern grass mix, ragweed short AgE, cockroach mix, Alternaria tenuis, Cladosporium herbarum, dog epithelia/mixed breeds, standardized cat hair and standardized Dermatophagoides farinae and Dermatophagoides pteronyssinus), diluent and histamine were primarily performed with Multitest II (Lincoln Diagnostics) by certified SARP coordinator or technician. Tests were read after 15 min and largest and perpendicular wheal diameters recorded and measured on transparent tape. A positive response was recorded for a wheal with largest diameter of 3 mm or greater than diluent (negative control). The largest and perpendicular wheal diameters were used to calculate the elliptical area of the wheal reaction; the reaction area for diluent, if any, was subtracted.
Bronchoalveolar lavage, processing and Luminex® analysis Investigative bronchoscopy was performed on a subset of SARP subjects with all levels of asthma severity. 64 Three to four aliquots of 50 ml of normal saline (total of 150-200 ml, prewarmed to 37°C) were instilled into a lung segment and recovered with gentle hand suction by syringe. The recovered BAL fluid from all aliquots is measured (for volume of recovery), combined as a single sample, and retained on ice during processing. The BAL volume recovered is centrifuged in 50 ml centrifuge tubes for 10 min at 450 × g at 4°C
. BALF supernatants are combined and 15 ml aliquots placed into Millipore ultrafree concentrator (5000 MW cutoff) and centrifuged at 2000 × g for 30 min with additional time to concentrate 20× (0.75 ml). All concentrates from individual concentrators are combined to prepare a single, homogeneous concentrate which was distributed in appropriate volumes (250 or 500 µl) and stored frozen at −80°C. All subjects undergoing bronchoscopy were selfselected for this portion of the SARP study. Biospecimens were randomly selected without a priori selection based on asthma severity, based on whether they were skin test positive or negative for Alternaria, Aspergillus or Cladosporium. Cell-free supernatants were aliquoted and stored at −80°C before use in Luminex® analyses. Supernatants were assayed for different inflammatory cytokine, chemokine and growth factor protein concentrations using Milliplex® Human Cytokine/Chemokine Panels I, II and III (catalog numbers HCYTOMAG-60K-PX41, HCYP2MAG-62K-PX23 and HCYP3MAG-63K, respectively, EMD Millipore). Standards for determination of linear curve plus two control samples representing high and low levels of each cytokine/chemokine were included in each assay. The protein content of the BAL fluid supernatant was assessed by using a Coomassie (Bradford) protein assay (Pierce Biotechnology, Rockford, Ill) read at an absorbance of 595 nm with a detection limit 1 μg/ml. Samples were analyzed under University of Alabama at Birmingham (UAB) Institutional Review Boardapproved protocol # X130827009.
Mice WT BL/6 mice, 6 to 8 weeks of age, were obtained from Taconic (Hudson, NY). Il1rl1-/-(ST2/IL-33R) mice were a kind gift from Dr. Andrew McKenzie, Cambridge University. Il22-/-mice were employed as previously described.
12 IL22 Cre was purchased from Jackson Laboratory and crossed to R26R eYFP (expressing eYFP from the Rosa26 promoter) generating IL22
Cre R26R eYFP reporter mice as previously described. 65 All animals were housed in a specific pathogen-free, Association for Assessment and Accreditation of Laboratory Animal Care-certified facility and handled according to Public Health Service Office of Laboratory Animal Welfare policies after review by the UAB Institutional Animal Care and Use Committee.
Experimental fungal asthma model A. fumigatus isolate 13073 (ATCC, Manassas, VA) was maintained on potato dextrose agar for 5-7 days at 37°C. Conidia were harvested by washing the culture flask with 50 ml of sterile phosphate-buffered saline (PBS) supplemented with 0.1% Tween-20. The conidia were then passed through a sterile 40 μm nylon membrane to remove hyphal fragments and enumerated on a hemacytometer. The repeated A. fumigatus exposure model was employed as previously described. 12 Briefly, mice were lightly anesthetized with isoflurane and administered 1 × 10 7 live A. fumigatus conidia in a volume of 50 μl of PBS intratracheally (i.t.). Starting at day 7, mice were challenged i.t. with 1 × 10 6 conidia live A. fumigatus in 50 μl of PBS daily for 5 days, rested for 2 days, and challenged daily for another 3 days. Mice undergoing a control/sham protocol were administered the first challenge of 1 × 10 7 A. fumigatus conidia as described above. Starting at day 7, they received 50 μl of PBS for 5 days, rested for 2 days and then daily 50 μl of PBS for the remaining 3 days. At 24 h after the final challenge, immune and physiologic measures were assessed as described below.
Analysis of IL-22 cell sources WT BL/6 and IL22
Cre
R26R
eYFP reporter mice were subjected to fungal asthma. At 24 h after the last challenge, lungs were collected and minced in Iscove's modified Dulbecco's medium (Sigma, St. Louis, MO) supplemented with 1% penicillin-streptomycin-glutamine (Mediatech, Herndon, VA), 10% heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA) and 0.4 mg/ml polymyxin B (Thermo Fisher), followed by incubation for 60 min with tissue culture-grade type IV collagenase (1 mg/ml; Sigma, St. Louis, MO) in a 37°C orbital shaker at 100 rpm. The cell suspension was filtered through sterile 70 μm nylon filters, red blood cells lysed with ACK buffer (Lonza, Walkersville, MD), then filtered through a sterile 40 μm nylon filters to create single-cell preparations. Single-cell suspensions were cultured in the presence of IL-1β alone (10 ng/ml) for 4 h. Markers for specific cell types are presented in Fig. 3 and Supplemental  Fig. 2 .
Analysis of IL-22 production in vitro Mice were chronically exposed to A. fumigatus as described. At 24 h after the last challenge, the right lung was collected and singlecell suspensions isolated as above. One million cells in a volume of 200 μl were cultured for 24 h in the presence of A. fumigatus conidia in a 1:1 ratio followed by assessment of IL-22 by ELISA. In some studies, lung cells were collected from bronchoalveolar lavage fluid and cultured in a volume of 200 μl for 24 h (1 × 10 5 ) in the presence of A. fumigatus conidia in a 1:1 ratio
In vivo IL-7 treatment and IL-7 receptor (CD127) blockade For in vivo IL-7 treatment, WT BL/6 mice were chronically exposed to A. fumigatus as described. On days 7, 9, 11 and 14, mice received 1.5 µg of carrier-free recombinant murine IL-7 (R&D Systems) (dose based on refs. 33, 34 ) in a volume of 50 µl intratracheally. Controls received 50 µl of diluent (PBS) intratracheally. For in vivo anti-IL-7R (CD127) blockade, WT BL/6 mice were chronically exposed to A. fumigatus as described. On days 7, 9, 11 and 14, mice received 0.5 mg of InVivoMAb rat antimouse IL-7Rα/CD127 (Catalog #BE0065, Bio X Cell, West Lebanon, NH) in a volume of 0.2 ml intraperitoneally. Controls received 0.5 mg of InVivoMAb Rat IgG2a Isotype control (anti Trinitrophenol; Catalog #BE0089, Bio X Cell).
Cytokine and chemokine assessment The right lung was homogenized in PBS supplemented with Complete Mini protease inhibitor tablets (Roche), clarified by centrifugation and stored at −80°C. Supernatants from lung homogenates were analyzed for protein levels of 32 cytokines and chemokines using a Milliplex multiplex suspension cytokine array (Millipore) according to the manufacturer's instructions. The data were analyzed using Bio-Plex Manager software (Bio-Rad Laboratories). IL-33, CCL17 and CCL22 levels were quantified by ELISA (R&D Systems). In the studies examining the effects of IL-7R blockade, proallergic chemokine levels were analyzed in bronchoalveolar lavage.
Flow cytometric analysis Lung cells were isolated via bronchoalveolar lavage as previously described. 66 Cells were washed and Fc receptors were blocked with Mouse BD Fc Block ™ (BD Biosciences, San Diego, CA) at 4°C for 20 min. Thereafter, cells were stained with a single-color LIVE/ DEAD® Fixable Dead Cell Stain (Invitrogen) followed by labeling with specific immune cell surface markers. The following staining parameters were employed: eosinophils as CD11b+Siglec F+Ly6G and Ly-6Clo/neg, neutrophils as CD11b+Ly6G+(1A8), T cells as CD3+CD4+, NKT cells as TCR-beta+, murine CD1d tetramer+ and γδ T cells as TCR-delta+ and CD3+ (all antibodies purchased from eBiosciences and BD Biosciences). Samples were acquired using a four laser, 20-parameter analytic BD ™ LSR II and data were analyzed using FlowJo software (Tree Star, Ashland, OR). Unstained cells served as a control for background fluorescence and gating. Samples were acquired using BD ™ LSR II cytometer (BD Biosciences) and data were analyzed using FlowJo software (Tree Star, Ashland, OR).
Pulmonary function assessment A tracheostomy was performed on individual anesthetized A. fumigatus-exposed mice. Each animal was then attached to a computer controlled volume ventilator (flexiVent, SCIREQ Montreal, PQ, Canada). Regular breathing was set at 150 bpm, with volume and pressure controlled by the flexiVent system based on individual animal weights. Positive end-expiratory pressure was set to 2 cm H 2 O and measured during each breath stroke. Respiratory input impedance (Zrs) was measured using the Forced Oscillation Technique controlled by the flexiVent system. The Single-Compartment Model was used to describe dynamic lung resistance. All measurements were collected at baseline and after a linear dose response with methacholine challenge (10-40 mg/ ml) as previously described. 67 Statistics Data were analyzed using GraphPad Prism, version 5.0, statistical software (GraphPad Software, San Diego, CA). Comparisons between groups when data were normally distributed were made with the two-tailed unpaired Student t test. Significance was accepted at a P value of < 0.05.
